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ABSTRACT 

I d e a l i z e d  v e l o c i t y  r e q u i r e m e n t s  a r e  d e t e r m i n e d  
f o r  d i r e c t  a s c e n t  f rom KSC i n t o  a p o l a r ,  c i r c u l a r  o r b i t  
1 0 0  n a u t i c a l  mi les  h i g h ,  by u s i n g  a d o g l e g  maneuver which 
a v o i d s  f l y i n g  o v e r  p o p u l a t e d  areas d u r i n g  a s c e n t .  
C a r s t e n s  and Edelbaum had  p r e v i o u s l y  shown t h a t  t h i s  
method, when o p t i m i z e d  w i t h  r e s p e c t  t o  t o t a l  c h a r a c t e r -  
i s t i c  v e l o c i t y ,  i s  g e n e r a l l y  c h e a p e r  t h a n  a c o r r e s p o n d i n g  
Hohmann a s c e n t  i n t o  p a r k i n g  o r b i t ,  f o l l o w e d  by a p u r e  p l a n e  
change  maneuver.  

An i d e a l i z e d  a n a l y s i s  ( e x c l u d i n g  a t m o s p h e r i c  d.rag 
and g r a v i t y  l o s s  e f f e c t s )  shows t h a t  l a u n c h i n g  on t h e  
sou the rnmos t  p e r m i s s i b l e  az imuth ,  w i t h  a d o g l e g  maneuver 
a round  t h e  e a s t e r n  t i p  o f  B r a z i l ,  r e q u i r e s  a t o t a l  v e l o c i t y  
o f  4 3 , 5 0 0  f p s .  F o r  a p p l i c a t i o n s  to manned m i s s i o n s  t h i s  i s  
beyond the u s e f u l  pay load  c a p a b i l i t y  o f  t h e  INT-20 v e h i c l e  
(S-IC/S-IVB). However, i f  t h e  n o r t h e r n m o s t  p e r m i s s i b l e  
az imuth  i s  chosen ,  w i t h  t h e  d o g l e g  maneuver e x e c u t e d  a round  
Nova S c o t i a ,  t h e  t o t a l  v e l o c i t y  r e q u i r e m e n t  i s  3 7 , 3 0 0  f p s .  
A t  t h i s  v e l o c i t y  t h e  INT-20 a p p e a r s  c a p a b l e  o f  i n j e c t i n g  a 
p a y l o a d  o f  a p p r o x i m a t e l y  3 0 , 0 0 0  pounds.  
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I n t r o d u c t i o n  

The most d i r e c t  way o f  a t t a i n i n g  a p o l a r  o r b i t  i s  
t o  l a u n c h  on a due  n o r t h  o r  due  s o u t h  a z i m u t h .  However, 
r a n g e  s a f e t y  c o n s i d e r a t i o n s  a t  KSC do n o t  p e r m i t  t h i s .  I n  
o r d e r  t o  a v o i d  f l y i n g  o v e r  p o p u l a t e d  a r e a s  d u r i n g  a s c e n t  
t h e  l a u n c h  a z i m u t h  must be  r e s t r i c t e d  t o  be  be tween 44" and 
110' f rom due  n o r t h .  Two i d e a l i z e d  l a u n c h  modes t o  a c h i e v e  
a c i r c u l a r  p o l a r  o r b i t *  1 0 0  n a u t i c a l  m i l e s  h i g h  c a n  b e  
d e s c r i b e d .  

One mode c o n s i s t s  o f  a Hohmann t r a n s f e r  f rom t h e  
l a u n c h  s i t e  t o  a c i r c u l a r  p a r k i n g  o r b i t  1 0 0  n a u t i c a l  miles  
h i g h .  Due t o  t h e  r a n g e  s a f e t y  r e s t r i c t i o n s  t h i s  o r b i t  
c a n n o t  b e  p o l a r  a n d ,  t h e r e f o r e ,  a t h i r d  i m p u l s e  must b e  
a p p l i e d  t o  change  t h e  i n c l i n a t i o n  t o  90'. I n  o r d e r  t o  
min imize  t h e  i n c l i n a t i o n  d i f f e r e n c e  be tween t h e  i n t e r m e d i a t e  
a n d  f i n a l  o r b i t ,  t h i s  l a s t  i m p u l s e  w i l l  b e  a p p l i e d  a t  a n  
e q u a t o r  c r o s s i n g .  

I n  t h e  o t h e r  mode a d i r e c t  b a l l i s t i c  a s c e n t  i s  
made t o  i n t e r s e c t  t h e  f i n a l  o r b i t  a t  some p o i n t ,  where a 
s e c o n d  i m p u l s e  s i m u l t a n e o u s l y  c o r r e c t s  t h e  f l i g h t p a t h  a n g l e ,  
o r b i t a l  p l a n e  and  o r b i t a l  speed  ( i . e . ,  a d o g l e g  m a n e u v e r ) .  
The need  f o r  a p a r k i n g  o r b i t  i s  t h u s  e l i m i n a t e d .  Note t h a t  
i n  t h i s  two-impulse mode t h e  l a u n c h  e l e v a t i o n  and  r a n g e  
a n g l e s  a r e  i n d e p e n d e n t  v a r i a b l e s ,  as i s  shown i n  Appendix 1. 

*The p h r a s e  " p o l a r  o r b i t "  w i l l  b e  u s e d  here  w i t h o u t  
r e g a r d  t o  l o c a t i n g  t h e  a s c e n d i n g  node .  Thus ,  a l l  
c i r c u l a r  p o l a r  o r b i t s  o f  a g i v e n  a l t i t u d e  a r e  
c o n s i d e r e d  e q u i v a l e n t .  
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C a r s t e n s  and  Edelbaum ( r e f e r e n c e  1) have  shown 
t h a t ,  f o r  low a l t i t u d e  o r b i t s ,  t h e  two- impulse  (or d i r e c t  
a s c e n t )  mode o f  a t t a i n i n g  a s p e c i f i e d  o r b i t  i s  c h e a p e r  
t h a n  t h e  t h r e e - i m p u l s e  mode ( u s i n g  a p a r k i n g  o r b i t )  when 
t h e  l a u n c h  e l e v a t i o n  and r ange  a n g l e s  a r e  o p t i m i z e d  w i t h  
r e s p e c t  t o  t o t a l  v e l o c i t y  r e q u i r e m e n t .  The i n t e n t  o f  t h i s  
memorandum i s  t o  compare t h e  v e l o c i t y  r e q u i r e m e n t s  o f  t h e  
two modes f o r  some s e l e c t e d  c a s e s .  Complete  o p t i m i z a t i o n  
i s  n o t  a p p r o p r i a t e  here  b e c a u s e ,  f i r s t ,  we d o  n o t  s e l e c t  
any p a r t i c u l a r  p o l a r  o r b i t  a n d ,  s e c o n d ,  t h e  a z i m u t h  or 
r a n g e  a n g l e  i s  c o n s t r a i n e d  by r a n g e  s a f e t y  c o n s i d e r a t i o n s .  
Thus ,  f o r  e a c h  s e l e c t e d  c a s e  ( s ee  t a b l e  1) o n l y  t h e  l a u n c h  
e l e v a t i o n  i s  o p t i m i z e d .  

Numer ica l  R e s u l t s  

For t h e  sake o f  k e e p i n g  t h e  a n a l y s i s  s i m p l e  a l l  
t r a j e c t o r i e s  a r e  assumed t o  b e  b a l l i s t i c  - i . e . ,  d r a g  and  
g r a v i t y  l o s s e s  a re  i g n o r e d .  A l s o ,  t h e  e a r t h  i s  c o n s i d e r e d  
~ o t  t o  b e  r o t a t i n g .  T h i s  l a t t e r  a s s u m p t i o n  would make 
a d i f f e r e n c e  o f  1300 f p s  o r  l e s s  i n  t h e  l a u n c h  v e l o c i t y .  
The f o r m u l a e  which were used i n  t h e  v e l o c i t y - r e q u i r e m e n t  
c o m p u t a t i o n s  a r e  d e v e l o p e d  i n  t h e  two a p p e n d i x e s  t o  t h i s  
memorandum. 

The s e l e c t e d  c a s e s  a r e  i l l u s t r a t e d  i n  f i g u r e  1. 
The f i r s t  f o u r  c a s e s  are c o n s i d e r e d  f o r  t h e  n o r t h e r n m o s t  
p e r m i s s i b l e  l a u n c h  on an  az imuth  o f  A Z  = 44 '  f rom due n o r t h .  
The  t h r e e  c a s e s  o f  due  east l a u n c h  ( A z  = 90") a r e  f o r  
i n j e c t i o n  i n t o  t h e  same p o l a r  o r b i t s  as i n  c a s e s  8 ,  9 and 
1 0 ,  which a re  on a s o u t h e a s t e r l y  l a u n c h  w i t h  A Z  = 110'. 
The l a u n c h  a z i m u t h s  and r ange  a n g l e s  f o r  a l l  t h e s e  c a s e s  
a r e  l i s t e d  i n  t a b l e  1. 

The minimum t o t a l  v e l o c i t y  r e q u i r e m e n t ,  AVd,  f o r  
e a c h  o f  t h e  d i r e c t  a s c e n t  c a s e s  o f  f i g u r e  1 was d e t e r m i n e d  
by n u m e r i c a l l y  o p t i m i z i n g  t h e  v a l u e  o f  y a c c o r d i n g  t o  
t h e  f o r m u l a e  o f  Appendix 1. The r e s u l t s  a r e  p l o t t e d  
v e r s u s  r a n g e  a n g l e  ( $ ) i n  f i g u r e  2 f o r  t h e  t h r e e  s e l e c t e d  
v a l u e s  of  l a u n c h  a z i m u t h .  T h e s e  minimum v a l u e s  a r e  a l s o  
shown i n  t a b l e  1 as AVd.  

s t a t i o n a r y  e a r t h  t o  a c i r c u l a r  o r b i t  1 0 0  n a u t i c a l  m i l e s  
h i g h  on a Hohmann e l l i p s e  i s  26 ,305  f p s  ( s e e  Appendix 2 ) .  
The i m p u l s e  r e q u i r e d  t o  t u r n  s u c h  a c i r c u l a r  o r b i t  i n t o  a 
p o l a r  one depends  on t h e  i n c l i n a t i o n  ( i )  and i s  g i v e n  by  
f o r m u l a  ( 2 . 4 )  if t h i s  impu l se  o c c u r s  a t  an  e q u a t o r  c r o s s i n g .  

1 

The  i d e a l i z e d  v e l o c i t y  r e q u i r e d  t o  l a u n c h  f rom a 
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The t o t a l  v e l o c i t y  r e q u i r e m e n t s ,  AV f o r  t h e s e  t h r e e -  
impu l se  modes a re  l i s t e d  i n  t a b l e  1. They r e p r e s e n t  t h e  
t h e o r e t i c a l  minimum r e q u i r e m e n t s  f o r  l a u n c h i n g  t o  a p o l a r  
o r b i t  by u s e  o f  a p a r k i n g  o r b i t  and a re  l i s t e d  f o r  
compar ison  w i t h  t h e  d i r e c t  a s c e n t  mode i n  e a c h  c a s e .  

P '  

A l l  v e l o c i t y  and p a y l o a d  v a l u e s  g i v e n  i n  t h i s  
memorandum s h o u l d  be  t a k e n  w i t h  t h e  a p p r o p r i a t e  g r a i n  o f  
s a l t .  Such problems as c o n t i n u o u s  b u r n  and a t m o s p h e r i c  
d r a g  have been i g n o r e d ,  a s  was mentioned i n  t h e  s e c t i o n  on 
Numer ica l  R e s u l t s .  The  quo ted  numbers a re  t h e r e f o r e  
i n t e n d e d  o n l y  t o  i n d i c a t e  t r e n d s  and t o  p r o v i d e  some 
r e l a t i v e  compar isons .  

The l e a s t  expens ive  o f  t h e  above examples  i s  
c a s e  1 - a n o r t h e r l y  l aunch  w i t h  a d o g l e g  maneuver i n  t h e  
v i c i n i t y  o f  Nova S c o t i a .  A t  3 7 , 3 0 0  f p s  t h e  INT-20 v e h i c l e  
i s  c a p a b l e  of i n j e c t i n g  approx ima te ly  30,000 pounds* i n t o  
a p o l a r  o r b i t .  The c o r r e s p o n d i n g  pay load  o f  t h e  S a t u r n  V 
a t  t h a t  v e l o c i t y  i s  8 2 , 0 0 0  pounds .  

For a s o u t h e r l y  l a u n c h ,  however ,  such  as t h e  one 
w i t h  t h e  d o g l e g  maneuver a round t h e  e a s t e r n  t i p  of  B r a z i l  
( c a s e  8 ) ,  t h e  S a t u r n  V can d e l i v e r  o n l y  3 8 , 0 0 0  pounds a t  
4 3 , 5 0 0  f p s  whereas t h e  c o r r e s p o n d i n g  p a y l o a d  f o r  t h e  INT-20 
i s  l e s s  t h a n  1 0 , 0 0 0  pounds.  

D i s c u s s i o n  

A l l  o f  t h e  v e l o c i t y - o p t i m i z e d  c a s e s  o f  d i r e c t  
a s c e n t  are  " l o b  t r a j e c t o r i e s ' '  : t h e i r  apogees  o c c u r  b e f o r e  
t h e  t a r g e t  o r b i t  i s  i n t e r c e p t e d .  A s  t h e  p o i n t  of t h e  
d o g l e g  maneuver i s  approached t h e  v e l o c i t y  v e c t o r  i s  
p o i n t i n g  downward s o  t h a t  t h e  impact  p o i n t  ( i n  t h e  e v e n t  
o f  i n j e c t i o n  motor  f a i l u r e )  i s  on ly  a s h o r t  d i s t a n c e  
downrange. If  t h e  maneuver has been s t a r t e d  b u t  t h e  
e n g i n e  does  n o t  bu rn  f o r  t h e  d e s i r e d  l e n g t h  of  t i m e ,  t h e  
v e h i c l e  w i l l  have s t a r t e d  t o  t u r n  i n  t h e  d i r e c t i o n  of  t h e  
f i n a l  o r b i t  b u t  w i l l  n o t  have a c h i e v e d  f u l l  o r b i t a l  s p e e d .  
I n  t h i s  c a s e  t h e  impact  p o i n t  w i l l  be f a r t h e r  downrange 
b u t  a l o n g  t h e  az imuth  on which t h e  v e h i c l e  was moving a t  
t h e  i n s t a n t  o f  c u t o f f .  The r a n g e  of t h e  a s c e n t  t r a j e c t o r y  
can  be s h o r t e n e d  somewhat i f  t h e  r e s u l t i n g  l o c u s  of  p o s s i b l e  
impact  p o i n t s  i s  c o n s i d e r e d .  

*Based on f i g u r e s  p rov ided  b y  t h e  Launch Systems 
8 r a n c h  o f  Boe ing ' s  Space D i v i s i o n ,  H u n t s v i l l e ,  
Alabama, i n  a s t u d y  of  " S a t u r n  V I n t e r m e d i a t e  
Launch V e h i c l e s " .  
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The t o t a l  v e l o c i t y  r equ i r emen t  f o r  a g i v e n  l a u n c h  a z i m u t h  
may t h e r e b y  b e  r e d u c e d .  However, f i g u r e  2 shows t h a t ,  i n  
o r d e r  t o  have t h e  v e l o c i t y  r e q u i r e m e n t s  on a n  az imuth  o f  
110" c o m p e t i t i v e  w i t h  t ha t  o f  c a s e  1, s a y ,  t h e  r a n g e  a n g l e  
would have t o  be  l e s s  t h a n  10". The i m p r a c t i c a l i t y  o f  
s u c h  a maneuver can  b e  seen  from f i g u r e  1. Thus,  l a u n c h  
on a n o r t h e a s t e r l y  az imuth  i s  s t i l l  s u p e r i o r  t o  an  
e a s t e r l y  or s o u t h e a s t e r l y  l a u n c h .  

C o n c l u s i o n s  

The t o t a l  v e l o c i t y  r e q u i r e m e n t s  shown i n  t a b l e  1 
and f i g u r e  2 show t h a t  between 5 , 5 0 0  and 6 , 7 0 0  f p s  can  be  
s a v e d  by  making a d i r e c t  l a u n c h  ( w i t h  d o g l e g  maneuver)  
r a t h e r  t h a n  u s i n g  a c i r c u l a r  p a r k i n g  o r b i t .  

It  i s  a l s o  shown t h a t  a n o r t h e a s t e r l y  l a u n c h  
(Az = 44" from due n o r t h )  r e q u i r e s  l ess  t o t a l  v e l o c i t y  
t h a n  a s o u t h e a s t e r l y  (Az = 110") or a n  e a s t e r l y  (Az = 90") 
l a u n c h ,  and t h a t  i t  may make t h e  d i f f e r e n c e  between u s i n g  
t h e  INT-20 v e h i c l e  or h a v i n g  t o  u s e  a more power fu l  one 
s u c h  as t h e  S a t u r n  V .  

1 0  13-HBB-ek H .  B .  Bosch 

At t achmen t s  
R e  f e r e n c e s  
T a b l e  i 
F i g u r e s  1 - 4  
Appendixes 1, 2 
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Case 
(See  F i g u r e  1) 
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10 

11 

A Z  

4 4O 

44 

44 

44 

90 

90 

90 

110 

110 

110 

110 

55.5' I 42,792 I 37,300 

62.2 1 42,792 I 41 , 000 

70.4 1 42,792 I 44,900 

67.7 1 52,449 I 46,600 

66.0 I 52,449 1 47,100 

50,185 43,500 ++- 50,185 44,500 

55.9 1 50,185 I 45,350 

56.9 1 50,185 1 46,650 

A Z  = Launch az imuth  measured from due  n o r t h  
(I = Range a n g l e  ( l a u n c h  t o  i n t e r c e p t )  
i = I n c l i n a t i o n  o f  a s c e n t  t r a j e c t o r y  p l a n e  
A i  = P l a n e  change a t  l o c a t i o n  o f  d o g l e g  maneuver 
AC = I d e a l i z e d  t o t a l  minimum v e l o c i t y  r e q u i r e d  f o r  p a r k i n g  

AVd = I d e a l i z e d  t o t a l  minimum v e l o c i t y  r e q u i r e d  f o r  d i r e c t  
o r b i t  mode 

a s c e n t  mode 

P 
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A P P E N D I X  1 

The i n i t i a l  v e l o c i t y  (V,)  r e q u i r e d  t o  move a l o n g  
a n  e l l i p t i c  a r c  f rom a r a d i u s  r1 t o  a r a d i u s  r2 ,  w i t h  a 
rafige a n g l e  0 (see f i g u r e  3 )  i s  r e l a t e d  t o  t h e  i n i t i a l  
f l i g h t p a t h  a n g l e  ( y  1) by t h e  fo rmula  

A d e r i v a t i o n  of  t h i s  formula can  be  found i n  r e f e r e n c e  2 * .  
T h i s  c a n  be  r e w r i t t e n  i n  t h e  form 

where Vc = i s  t h e  c i r c u l a r  v e l o c i t y  a t  r2 .  T h i s  

f o r m u l a  i s  v a l i d  f o r  any K e p l e r i a n  t r a j e c t o r y .  

The c o n s e r v a t i o n  laws f o r  t o t a l  ene rgy  and 
a n g u l a r  momentum g i v e ,  r e s p e c t i v e l y ,  

2 2 v; = v1 + 2 vc (1 - r 2 )  - 
r1 

1 r 2 V 2  c o s  y 2  = r l V l  c o s  7’ ( 1 . 3 )  

Thus ,  t h e  e n t i r e  t r a j e c t o r y  ( i n  p a r t i c u l a r ,  t h e  t e r m i n a l  
c o n d i t i o n s )  w i l l  be comple t e ly  d e t e r m i n e d  once  t h e  l a u n c h  
e l e v a t i o n  a n g l e  ( y  1> has been  chosen .  

*Note,  however ,  t h a t  t h e  a n g l e  y used  i n  r e f e r e n c e  2 
J S  t h e  complement of y 1. 
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APPENDIX 1 ( c o n t ' d )  

Assuming a s t a t i o n a r y  ea r th ,  t h e  f i r s t  i m p u l s e  
o f  t h e  a s c e n t  t r a j e c t o r y  i s  

AVl = V1 

The s e c o n d  i m p u l s e  comes when t h e  a s c e n t  t r a j e c t o r y  
i n t e r s e c t s  t h e  d e s i r e d  c i r c u l a r  o r b i t .  From t h e  
t r i g o n o m e t r y  shown i n  f i g u r e  4 ,  

= v 2 t v2 2 - 2Vc v2 c o s  Y 2  c o s  A i  AV2 C 

S u b s t i t u t i n g  f rom ( 1 . 2 )  and ( 1 . 3 )  t h i s  becomes 

2 2 2 
1 AV2 = Vc ( 3  - 2 

c o s  A i  1 
2 

r 
- 2 - V r c  Y1 v1 c o s  

( 1 . 5 )  

The  t o t a l  v e l o c i t y  r e q u i r e m e n t  f o r  t h e  d i r e c t  a s c e n t  
mode i s  

The n u m e r i c a l  v a r i a t i o n  o f  AVd w i t h  was 
c a l c u l a t e d  u s i n g  r1 = 3,442 n a u t i c a l  m i l e s ,  r2 = 3,542 
n a u t i c a l  m i l e s ,  Vc = 2 5 , 5 6 7  f p s .  

l a u n c h  s i t e  i s  28.5'  N .  

The  l a t i t u d e  o f  t h e  
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APPENDIX 2 

For t h e  Hohmann t r a n s f e r  w e  a g a i n  t a k e  

AVl = V1 

To compute t h e  i n i t i a l  v e l o c i t y  w e  s u b s t i t u t e  0 = 180" 
and = 0 i n t o  f o r m u l a  (1.1) t o  ge t  y1 

The second  impulse  w i l l  b e  t h e  d i f f e r e n c e  
be tween t h e  apogee  v e l o c i t y  o f  t h e  Hohmann e l l i p s e  and 
t h e  c i r c u l a r  v e l o c i t y  ( V c )  o f  t h e  p a r k i n g  o r b i t .  S i n c e  
no  p l a n e  change t a k e s  p l a c e  h e r e ,  w e  s u b s t i t u t e  A i  = 0 
i n t o  f o r m u l a  ( 1 . 6 )  t o  g e t  :l--/F I ) 

AV2 = vc 
\ r2  

( 2 . 3 )  

The o n l y  maneuver r e m a i n i n g  i s  p o l a r i z a t i o n  
o f  t h e  p a r k i n g  o r b i t  a t  an  e q u a t o r  c r o s s i n g .  T h i s  i s  
computed by  

\ 

nV3 = 2 Vc s i n  ( 2 . 4 )  

Thus ,  t h e  total v e l o c i t y  r e q u i r e m e n t  f o r  t h e  p a r k i n g  
o r b i t  mode i s  

( 2 . 5 )  3 A V  = AV1 t AV2 + AV 
P 
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FIGURE 1 - SOME SELECTED CASES OF DIRECT ASCENT INTO POLAR ORBIT USING DOGLEG MANEUVER 
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FIGURE 3 - KEPLERIAN PARAMETERS AT LAUNCH AND 
TERMINAL POINTS OF ASCENT TRAJECTORY. 



FIGURE 4 - RELATIONSHIP BETWEEN VELOCITY VECTORS 
AT INTERSECTIQN OF ASCENT TRAJECTORY p2) 
AND CIRCULAR ORBIT (v ). 
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